The phylogenetic relationship between Klebsiella phage No. 11 and the classical coilphages T7 and T3, postulated in a previous study, was investigated at the nucleotide level by sequencing the termini of phage No. 11 DNA. This DNA was found to have a terminal redundancy of 181 base pairs. Comparison of the terminal sequences of T7, T3 and No. 11 DNA suggests that the terminal redundancies of the three phages contain different expansions and variations of the short "founder sequence' 5' TTAACCTTGGG 3' of a common ancestor.
On the Evolution of the Terminal Redundancies of
In a previous study (Korsten et al., 1979) we reported evidence that the capsule-specific Klebsiella phage No. 11 (henceforth called K 11) is distantly related to the classical coliphages T3 and T7. This evidence was based mainly on the fact that phage K11, like T3 and T7, codes for an early protein of molecular weight about 100000 which shows an RNA polymerase activity specific for promoters located on the phage genome and not found on the DNA of the host. However, the template specificity of the phage K11 polymerase was totally different from that of T3 or T7: the RNA polymerases of these phages did not transcribe phage K11 DNA to any extent, and vice versa. (This is in contrast to the 20 to 50% heterologous transcriptional activity found upon comparing the RNA polymerases ofT3 and T7.) No compelling evidence for a phylogenetic common origin of phages K11 on the one hand, and T3 and T7 on the other, was provided by other criteria, since the first showed no serological crossreactions with the latter and K11 DNA did not efficiently form heteroduplexes with DNA ofT3 or T7. Also, a comparison of the electrophoretic patterns of Kll-coded intracellular proteins with those of T7 revealed marked differences in the molecular weights of most proteins; thus, only a few of these could be considered obviously homologous (Korsten et al., 1979) . We undertook the present study with the aim of clarifying, at the nucleotide level, the putative phylogenetic relationship of phage K 11 with phages T3 and T7 by sequencing the termini of K I 1 DNA. Our results show that this phage has a characteristic terminal redundancy (TR) which we have compared to the known sequences of the TR of T7 (Moffat et al., 1984) and of T3 (Fujisawa & Sugimoto, 1983) . [The function of the TRs of T7-related phages is not clearly established but current views favour the hypothesis of Watson (1972) according to which a TR is necessary for the formation of intracellular concatemers of phage genomes; these concatemers would be essential for the complete replication of linear phage genomes. The TR may also play a role in cutting up the concatemers into single genomes and in packaging during phage maturation (see Dunn & Studier, 1983) .]
The physical map of K11 DNA, constructed with five restriction endonucleases ( Fig. 1) , revealed fragments HpaI L and HpaI 0 as suitable for direct sequencing of the termini by the method of Maxam & Gilbert (1977) . The terminal 5' nucleotides were determined by P 1 digestion of the labelled fragments followed by identification of the resulting labelled nucleoside 5'-monophosphates by thin-layer chromatography (Fujisawa & Sugimoto, 1983) . The TR sequence, as determined from both ends of K11 DNA, is depicted in Fig. 2 . In this figure we represent the termini as completely double-stranded. Although we have no rigorous proof for this, our interpretation is favoured by (i) analogy to what is known for the related phages T7 (Dunn & Studier, 1983 ) and T3 (Fujisawa & Sugimoto, 1983) , (ii) identification, on agarose gels, of the small restriction fragments produced upon endonuclease KpnI digestion of TR sequences and (iii) full resistance of K11 DNA to S1 nuclease digestion. Fujisawa & Sugimoto (1983) were able to show regions of strong homology at both extremes of the TR of T7 and T3, but the direct linear homology between the middle portions of these sequences (comprising about 80 and 150 nucleotides in T7 and T3, respectively) was rather poor or non-existent. We made similar observations with regard to the TR of K 11 as compared with that of T7 and T3 (Fig. 3) . The new aspect which emerged from our threefold analysis is that the middle portions of all three TRs are interpretable in terms of expansions of the short 'founder sequence' 5' TTAACCTTGGG 3', which by way of successive partial or total duplications, followed by divergent evolution, gave rise to the whole middle portions of the TR of K 11 (positions 55 to 165) and T7 (positions 67 to 145). In T3 only the left part of the middle portion (positions 66 to 104) can be derived from this founder sequence. The rest of the middle portion of the TR of T3, however, can be explained in terms of an expansion of a second founder sequence, 5' GA-TAGCCTAAAGT 3', which must have invaded the TR of T3 after it separated from a common ancestor of T3 and K 11, at a time when this ancestor was already separated from the T7 ancestor. The origin of this second founder sequence might lie within partial sequences of the left portion of the TR of a T3 ancestor (see, for instance, the sequence of bases 33 to 48 ofT3, in Fig.  3) . A similar expansion of a short founder sequence by successive duplications and base changes has also been hypothesized for a sequence of 39 nucleotides in a region of phage fl by Sanger et al. (1973) .
We arrived at our conclusions by simultaneous examination of the three sequences, followed by trial and error correction of successive models constructed to minimize the total number of single mutational events (substitution, insertion and deletion of single bases and deletion or duplication of short sequences) necessary to derive the three terminal redundancies from the hypothetical common ancestral consensus sequences. We have not been able to produce an alternative model requiring a smaller number of mutational changes; however, a few minor variations are equally acceptable.
The details of our interpretation are given in Fig. 4 , which shows the postulated evolutionary pathways of the middle portions of the TR of K 11, T7 and T3. The process of total or partial duplications of the postulated founder sequence, followed by divergent evolution, appears plausible when the entire founder sequence or sizeable fragments thereof are involved. We are aware of the fact, however, that this interpretation becomes increasingly speculative for shorter sequences. Thus, for repetitions of sequences of pentanucleotides or less, alternative evolutionary pathways seem just as likely. We included such sequences in our ~scheme in order to show the possibility of a unitary mechanism for the evolution of the TRs. Our interpretation leads to the testable prediction that in other phages distantly related to T7, e.g. Serratia phage IV or Citrobacter phage Vi (Korsten et al., 1979) , TRs will be found whose sequences will diverge TATA TG!TG 3' KI1 extensively in their middle portions both among themselves and from the sequences analysed here, but will nevertheless be derived from the same founder sequences. Since evolutionary phenomena are of a historic nature it is not possible to prove our interpretation experimentally. It is, however, fully consistent with present ideas on molecular mechanisms of naturally occurring mutations which operate by single base substitutions (transitions and transversions) as well as by insertions and deletions of single nucleotides or by duplication or deletion of DNA segments of almost any size (see, e.g., Efstratiadis et al., 1980; Miller, 1983) .
In DNA sequences with coding functions, selective pressures will act much more severely against the acceptance of insertions and deletions than against base substitutions. In the present case, it seems that no such restraints on deletions and insertions are operative and that the divergence of the sequences compared here is a relatively undisturbed record of past mutational events. It will be interesting to compare the degree of divergence of these non-coding TR sequences with that of homologous protein-coding genes in these phages. Recently, McAllister et al. (1983) have sequenced gene 1 ofT3 (coding for the phage RNA polymerase) and Moffat et al. (1984) have published the sequence of the homologous T7 gene. A comparison of these sequences showed mainly third codon base substitutions without changes in amino acid sequence, and a partial sequencing of the K 11 gene 1 in our laboratory (unpublished) has yielded similar results.
Our interpretation of the variability of the middle portions of the TRs, in contrast to the more conserved extremes (Fig. 3 ) and to the highly conserved gene 1 sequences, is that the latter sequences are under functional constraints (either with regard to the formation and/or processing of the intracellular concatemers of the phage genomes or with regard to the gene/-coded RNA polymerase), while the middle of the TRs has been invaded by parasitic sequences which subsequently evolved without such constraints in a way reminiscent of families of repetitive sequences in higher organisms (see, e.g., Doolittle & Sapienzia, 1980; Orgel & Crick, 1980) . Support of this work by the Fund der Chemischen Industrie and by the Deutsche Forschungsgemeinschaft is gratefully acknowledged.
